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ABSTRACT
Modulation of the plasma sheath in a plasma bipolar junction transistor
(PBJT) is observed for base inputs of less than one volt. Using the recorded
data, along with a collisional, high-voltage sheath model developed herein, a
359% increase in the secondary electron emission coefficient of the exposed
silicon surface is inferred. Additionally, the pressure dependence of these
devices is explored, with the data suggesting that smaller devices would
exhibit both faster switching and higher small signal gains.
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CHAPTER 1
HISTORICAL BACKGROUND
More than a century ago, Friedrich Paschen published a paper describing the
effects of pressure and electrode separation on the voltage required for initi-
ating and sustaining a direct current (DC) discharge [1]. Since then, DC dis-
charges have been studied extensively, and the behavior of charged particles
within the different physical regions of a discharge has been well understood
and quantified [2]. In 1947, John Bardeen and Walter Brattain ushered in the
era of semiconductor electronics with their demonstration of the first point
contact transistor. Within four years, William Shockley held a press confer-
ence, publicly unveiling the bipolar junction transistor. Mathematically, the
behavior of charged particles within a gas-phase plasma is similar to that of
charged particles (or quasi-particles, in the case of holes) within a semicon-
ductor’s electron-hole (e−-h+) plasma [2, 3]. Despite the striking similarities
in charge transport between gas-phase plasmas and semiconductors, the re-
search and technological development of semiconductors that has taken place
over the last 60 years has seen the two fields diverge. The only interest in
semiconductor-plasma interactions has concerned the surface chemistry rel-
evant to plasma etching of semiconductors for integrated circuit fabrication.
Within the last decade, however, devices coupling gas-phase plasmas and
semiconductors have been successfully demonstrated, and present an interest-
ing opportunity for study. In 2002, Park et al. demonstrated a silicon-based
plasma device capable of detecting photons in the range of 350–1200 nm with
a photosensitivity that was an order of magnitude larger than that of com-
mercially available photodiodes [4]. Just three years later, Ostrom and Eden
quantified this effect with detailed measurements of the photosensitivity of
such devices, which was an order of magnitude larger than commercially
available photodiodes [5].
In 2010, Wagner et al. demonstrated a new type of optoelectronic device,
called the plasma bipolar junction transistor (PBJT), in which the collector
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of a traditional npn bipolar junction transistor is replaced by a DC discharge
[6, 7, 8]. The PBJT is shown schematically in Figure 1.1.
Figure 1.1: Schematic view of the PBJT.
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CHAPTER 2
THEORETICAL BACKGROUND
2.1 DC Discharges
Plasma is a partially ionized gas in which the ions and electrons, though equal
in number, move subject to drift and diffusion [2]. Although the densities
for ions and electrons (nion and ne, respectively) in a typical DC discharge
are many orders of magnitude lower than that of most metals and doped
semiconductors, the mobilities are generally much higher, such that plasmas
are often excellent conductors [2, 3]. Within a steady-state DC discharge,
charge transport is governed by diffusion, which is ambipolar, and drift [9],
the mathematics of which are analogous to charge transport in semiconduc-
tors (see [10] for example).
During steady-state operation of a DC-discharge, a positively charged layer
known as the sheath will develop at the interface between the plasma and
any boundary. This is due primarily to the large difference in mobility be-
tween electrons and ions, initially allowing more electrons to exit the plasma,
and leading to a positive space charge that serves to confine the remaining
electrons [2]. It is important to note that, in most cases involving a DC
discharge, even with the loss of electrons near the sheath region, the bulk
plasma is still roughly quasi-neutral (nion ≈ ne).
As the charged particles within a plasma drift and diffuse, they inter-
act with each other and their surroundings through their associated electric
fields. The distance over which these interactions are significant depends
strongly on the electron density and mean kinetic energy. The electron De-
bye length, λDe, is a measure of the distance over which significant charge
imbalance may spontaneously occur within a plasma [2, 9]. We start by
considering a plasma at equilibrium, into which is inserted a non-conducting
material. Initially, the higher mobility of electrons causes large numbers of
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them to exit the plasma and collect on the surface of the material. As this
happens, an electric field is established that repels further electron migration
towards the surface of the material. Starting with Poisson’s equation and
the Boltzmann relation for electrons and ions we have the following three
equations:
d2Φ
dx2
= − q
0
(ni − ne) (2.1)
ne = n0exp
(
Φ
Te
)
(2.2)
ni = n0exp
(
Φ
Ti
)
= n0 (2.3)
where n0 is the equilibrium ion or electron density, Φ is the electrostatic
potential, q is the elementary charge, 0 is the permittivity of free space, and
Te and Ti are the equilibrium electron and ion temperatures, respectively.
The approximation, ni = n0, in Equation 2.3 can be made because
Te
Ti
is
typically greater than 40. Substituting Equations 2.2 and 2.3 into 2.1 gives:
d2Φ
dx2
= −qn0
0
(
exp
(
Φ
Te
)
− 1
)
. (2.4)
A Taylor expansion of the right side of Equation 2.4, keeping the lowest order
term (Φ << Te), yields:
d2Φ
dx2
= −qn0
0
Φ
Te
. (2.5)
The solution to Equation 2.5 is an exponential of the form:
Φ (x) = Φ0exp
(−x
λDe
)
, (2.6)
where
λDe =
√
0Te
qn0
. (2.7)
The Debye length is discussed in greater detail in references [2, 9] and [11]
Another important discharge characteristic is the plasma frequency, ωp. It
is a measure of how fast the electron cloud within an undriven plasma will
naturally oscillate, and is given by:
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ωp =
√
q2ne
0me
; (2.8)
where me is the electron rest mass [9, 2]. Interestingly, there is a direct
correlation between the electron Debye length and the plasma frequency, with
the product of the two being equal to the thermal velocity of the electrons.
That is, λDeωp = vth [2].
Of the numerous analytical approximations that one can make involving
the plasma sheath, the matrix sheath approximation is among the few high-
voltage sheath approximations−applied when the sheath voltage is very large
compared to Te−and perhaps the most analytically simple [2]. It is also
directly analogous to the depletion approximation in semiconductors (see [3]
and [10] for semiconductor examples). The matrix sheath approximation
assumes two conditions: (1) a constant ionic background and (2) that there
are no electrons within the sheath [2]. Thus, it follows directly from Poisson’s
equation that the field within such a region of uniformly distributed space-
charge is linear and the potential is parabolic. They are given by:
E =
qne
0
x (2.9)
and
Φ = −qne
0
x2
2
, (2.10)
where x = 0 is defined as the position of the bulk-sheath boundary, and x > 0
is the region occupied by the sheath. Thus, the matrix sheath approximation
predicts a sheath thickness, s, given by:
s = λDe
√
2Vcathode
Te
(2.11)
where Vcathode is the potential difference between the two electrodes.
At higher pressures, such that the mean free path of an ion is on the order
of (or less than) the sheath thickness, the matrix sheath approximation is no
longer valid. In such a case, it is useful to understand the physical effect that
collisions have on the sheath. In this case, we start with the assumption that
the charge carrier velocity is governed by a mobility model and is given by:
vi = µiE, ve = µeE, (2.12)
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where µi and µe are the ion and electron mobilities, respectively, for the
particular gas and pressure range used, and E is the electric field strength.
This leads to ion and electron fluxes of
Γi = niµiE, (2.13)
and
Γe = neµeE. (2.14)
Ignoring ionization within the plasma sheath, the only electrons present
within such a high-voltage sheath are those emitted from the cathode as
secondary electrons, making the electron flux proportional to the ion flux,
by a proportionality factor of γ, which is known as the secondary electron
emission coefficient. Specifically, we have:
Γe = γΓi. (2.15)
Since the ion and electron fluxes must be constant throughout the sheath,
rearranging Equations 2.13 and 2.14 and substituting them, along with Equa-
tion 2.15, into the well-known Gauss’ law gives:
dE
dx
=
1
0
q (ni − ne) =
(
qΓi
0µi
− qγΓi
0µe
)
1
E
. (2.16)
Integrating once with respect to position gives the electric field, and again
with respect to position (and multiplying by -1, as dΦ
dx
= −E) gives the
potential:
Φ2 = −8qΓi
0
(
1
µi
− γ
µe
)
x3. (2.17)
Setting the current density, J0, equal to qΓi(1 + γ), where γ is the secondary
electron emission coefficient, and letting x = s, the sheath thickness, and
Φ = −V0, the cathode potential, relative to the plasma potential, results in:
s3 =
90
8
(
1
µi
− γ
µe
)−1
V 20 (1 + γ)
J0
. (2.18)
Equation 2.18 can be slightly simplified by recognizing that µi << µe and
that, for low temperature plasmas, γ << 1, which results in:
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s3 =
90µi
8
V 20 (1 + γ)
J0
. (2.19)
As per Equation 2.19, the potential profile for a collisional, high-voltage
sheath scales as s3/2, whereas the matrix sheath scales as s2. Thus, while the
electric field for the (collisionless) matrix sheath grows linearly with position,
it grows sub-linearly (as s1/2) for the collisional high-voltage sheath.
Thus far, we have been working under the assumption that we have a
steady-state DC discharge, though no attention has been given to the condi-
tions necessary for initiating it. Named after F. Paschen (mentioned earlier),
Paschen’s law states that the voltage requred for initiating a DC discharge,
known as the breakdown voltage, is a function of the gas specie, pressure,
electrode spacing and electrode material. The breakdown voltage, VBR, is
given by:
VBR =
Bpd
ln(A)− ln
[
ln
(
1
γ
+ 1
)]
+ ln(pd)
, (2.20)
where A and B are parameters specific to a particular gas, p is the pressure,
d is the electrode spacing and γ is the secondary electron emission coefficient,
which is a function of both the electrode material and gas [9]. As a result of
p and d always appearing as a product, there is a pd value, unique to each
gas, at which VBR has a minimum value (see Figure 2.1 for example). The
pd value for which VBR is minimized is known as the Paschen minimum. For
neon, this value is in the vicinity of 2-8 Torr-cm, where the precise value in
this range will depend on the electrode materials [12, 13].
2.2 The p-n Junction
A p-n junction occurs at the interface of an n-type and p-type semiconductor
material. Typically, this is accomplished by diffusing different impurities into
different areas of the same semiconductor (electron donors and acceptors for
n-type and p-type material, respectively), though other methods exist. Due
to the diffusion of free charge carriers across the junction, a potential called
the contact potential, V0, develops across the junction. The contact potential
is a function of the density of dopants on each side of the junction and is
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Figure 2.1: Paschen breakdown curves for various gasses [9].
generically given by:
V0 =
kT
q
ln
NaNd
n2i
, (2.21)
where k is Boltzmann’s constant, T is the temperature (note that the gas or
neutral temperature, T , and the electron temperature, Te, mentioned in the
previous section are different quantities), q is the elementary charge, Na and
Nd are the density of acceptors on the p-type side and of donors on the n-type
side, respectively, and ni is the intrinsic carrier concentration. It is impor-
tant to note that the contact voltage is independent of the dopant profile.
Physically, this means that, for any junction, regardless of how the dopants
in the immediate vicinity of the junction are distributed, the potential devel-
oped across the junction will only depend upon the dopant concentrations
far from the junction. Since, as Equation 2.21 indicates, there is a potential
difference associated with a p-n junction, there must be an electric field as
well, which would affect the steady-state charge distribution within a cer-
tain region around the junction. A common approximation made to assist
in the analysis of p-n junctions is known as the depletion approximation.
It assumes that the the affected region, known as the depletion region, has
no free charge carriers and, therefore, contains only uncompensated donor
and acceptor ions [3]. Since the donor and acceptor ion concentrations are
known quantities, the depletion region width, W , can be calculated in terms
of these. The depletion region width for an abrupt junction is given by:
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W =
√
2V0
q
(
1
Na
+
1
Nd
)
. (2.22)
For junctions which are formed by the thermal diffusion of impurities into
the semiconductor, the dopant distributions are not abrupt, but rather vary
smoothly, and the depletion region width is larger than the value predicted
by Equation 2.22. In this case the gradually varying dopant concentrations
within the depletion region result in a gradually varying space-charge profile
(which is at all points less than the dopant density outside the depletion
region), and thus a larger depletion region width is needed to encompass
the total charge required to develop the necessary contact potential (defined
by Equation 2.21). With the knowledge of both the contact potential and
dopant-concentration profile, the maximum electric field can also be calcu-
lated and is given by:
Emax = −q

Na
W
1 + Nd
Na
. (2.23)
This quantity should be compared to the breakdown voltage of the semicon-
ductor material−in this case, silicon−which is given empirically by [14]:
|Ebr| = 4× 10
5
1− 1
3
log
(
Na
1016
) , (2.24)
where Na is the number of acceptors (in p-type silicon), and the result, |Ebr|,
is given in V/cm.
When a bias voltage, Vap, is applied to the junction, the V0 term in Equa-
tion 2.22 becomes V0-Vap, and the charge carrier distribution in the vicinity
of the junction is altered, leading to diffusion and drift currents that are no
longer equal. In the case of a junction at x = 0, with uniformly doped n-type
and p-type regions occupying x > 0 and x < 0, respectively, the current flow
is described by:
J = qn2i
(
Dp
NdLp
+
Dn
NaLn
)(
exp
(
qVap
kT
)
− 1
)
, (2.25)
where Dp and Dn are the diffusion coefficients for holes on the n-type side,
and electrons on the p-type side, respectively, and Lp and Ln are the diffu-
sion lengths for holes on the n-type side, and electrons on the p-type side,
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respectively [3]. By varying Nd and Na, the electron and hole components
(which vary with Dn
NaLn
and Dp
NdLp
, respectively) of the total current can be
varied. Thus, by engineering the junction to have a large concentration of
electron donors on one side and, by comparison, a small concentration of elec-
tron acceptors on the other side, the current flowing through the junction
can be made to consist almost entirely of electrons. This concept plays an
important role in the operation of bipolar junction transistors, and is central
to a measure called the emitter injection efficiency, whose consequences will
be examined in the next section.
If, instead of a p-type half space, the p-type region is of finite length,
WB, and of length comparable to−or shorter than−the diffusion length, the
current density becomes
J = qn2i
(
Dp
NdLp
+
Dn
NaWB
)(
exp
(
qVap
kT
)
− 1
)
, (2.26)
where Ln in Equation 2.25 is replaced by WB. This case is known as the
short-base diode, and has a practical use in analyzing the typically thin base
region of a bipolar junction transistor [10]. A quick comparison between
Equations 2.25 and 2.26 will show that the component of the total current
density due to electrons−given by
Jn = qn
2
i (fracDnNaLn)
(
exp
(
qVap
kT
)
− 1
)
(2.27)
for the short base diode and
Jn = qn
2
i
(
Dn
NaWB
)(
exp
(
qVap
kT
)
− 1
)
(2.28)
for the long-base diode−is improved by a factor of Ln/WB. This indicates
that the total electron current through the junction increases as WB de-
creases, owing primarily to the increased gradient of minority carriers within
the p-type region [10]. This result has important implications in analyzing
the base region of the bipolar junction transistor, and will be discussed in
the next section.
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2.3 Bipolar Junction Transistors
The bipolar junction transistor (BJT) was first demonstrated in 1949 by
William Shockley. It consists of three separate, doped regions of semicon-
ductor. An n-p-n BJT is shown schematically in Figure 2.2 and a represen-
tative band diagram is shown in Figure 2.3. By applying a positive voltage
between the emitter and base regions, hereafter refered to as VBE, electrons
are injected from the emitter into the base region. Typically the base region
is engineered to be shorter than the electron diffusion length, Ln, so that the
majority of electrons entering the base region from the emitter diffuse into
the base-collector depletion region and are swept into the collector by the
depletion region’s electric field.
Figure 2.2: Schematic view of the bipolar junction transistor.
Figure 2.3: Representative band diagram for a typical, bipolar junction
transistor, when both the emitter-base and base-collector junctions are
unbiased (VEB = VBC = 0).
Since base-emitter current is made up of both electrons and holes, but
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only electrons contribute to transistor action, a BJT would be improved by
increasing the ratio of electron current to total current through the base-
emitter junction. This parameter, defined as γinj, is known as the emitter
injection efficiency.
A typical figure of merit for BJTs is known as the base-to-collector current
amplification factor, β, which is defined as:
β ≡ ic
ib
, (2.29)
where ic and ib are the collector and base currents respectively. One factor
affecting β is the width of the base region, as shorter base-region widths
will lead to a larger fraction of electrons injected from the emitter being
swept into the collector, rather than recombining majority carriers within
the base region. A commonly accepted measure of this−called the current
transfer ratio and denoted by the symbol α−is the ratio of collector current
to emitter current. The current transfer ratio is defined as:
α ≡ ic
ie
= Bγ, (2.30)
where B is the fraction of injected electrons that arrive at the collector.
Equation 2.30 allows β to be written as
β =
α
1− α. (2.31)
For a sufficiently thin base region, α can approach unity, as the majority of
the current injected into the base from the collector diffuses into the collector
before recombining within the base region. In practice, this leads to a large
variation in β for commecially available BJTs, even within a single process
run [10].
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CHAPTER 3
THE PLASMA BIPOLAR JUNCTION
TRANSISTOR
3.1 Design Considerations
The PBJT is similar in structure and operation to the standard n-p-n BJT,
with the notable exception being that the PBJT has a gas-phase plasma as
its collector instead of the typical n-type semiconductor region (see Figures
1.1 and 2.2). As mentioned previously, the plasma acts as a good conductor
due not to a large free carrier concentration (compared to silicon), but rather
due to the high mobility of the free electrons. The conductivity, σ, of the
plasma is given by:
σ = q (µene + µini) , (3.1)
where ne is the electron density, ni is the ion density, µe is the electron
mobility and µi is the ion mobility. Since
ne ≈ ni, (3.2)
and
µe >> µi, (3.3)
we can rewrite the conductivity of the plasma as
σ ≈ q (µene) . (3.4)
Thus, the plasma behaves in a manner similar to n-type silicon. Additionally,
the sheath region of a plasma is analogous to the depletion region of an n-type
semiconductor, allowing the replacement to be made while still preserving
transistor action. A band diagram for the PBJT is shown in Figure 3.1. Na
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in the base region has been chosen to be 7× 1015 cm-3 and Nd in the emitter
has been chosen to be 3×1019 cm-3, such that the emitter injection efficiency
is near unity (see Chapter 2, Sections 2.2 and 2.3).
Figure 3.1: PBJT energy band diagram.
The emitter-base contact potential and depletion region width were calcu-
lated according to Equations 2.21 and 2.22, respectively. The discontinuity
at the base-collector junction is the result of the abrupt material change
and is expected to be less than or equal to the electron affinity of silicon,
which is 4.05 eV. More specifically, it is expected to be approximately equal
to the difference between the electron affinity of silicon and the electronic
work function of the plasma, though this value has not been confirmed ex-
perimentally. Calculating the depletion region widths on each side of the
base-collector junction requires the use of the depletion approximation, and
the matrix approximation on the plasma and silicon sides, respectively [2, 3].
Using the matrix sheath approximation, we can write the field within the
sheath as:
Esheath = E0
(
1− x
s
)
, (3.5)
where the collector lies in the x > 0 half space, the base lies in the x < 0
half space, s is the sheath thickness and E0 =
2Vcathode
s
(an approximation
given in [9]) is the surface electric field. It is important to note, at this
point, that the use of the matrix sheath equations in favor of the collisional
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high-voltage sheath equations (both discussed in Chapter 2) is reasonable
due to the fact that the matrix sheath’s electric field grows slightly faster
with position, and will thus serve as a more conservative limiting case when
discussing device design. Along the same lines as Equation 3.5, using the
depletion approximation yields an electric field within the semiconductor
that is described by:
Edepletion =
qNa
r0
(x+ d), (3.6)
where r is the relative permittivity of silicon and d is the depletion region
thickness. Since the electric field on either side of the silicon-plasma interface
must differ by a factor of r, we have
Edepletion(x = 0) = rEsheath(x = 0), (3.7)
which leads to
d =
2r0E0
qNa
. (3.8)
All that remains to be done is to choose a reasonable value for Vcathode
and s, allowing us to find the approximate depletion region width, and by
extension, the approximate ion density of the plasma.
Choosing values of 300 V for Vcathode and 400 µm for s yields a depletion re-
gion width of 1.7 µm, which is a reasonable value in silicon. Also, this leads to
an ion density of 2.1×1011 cm-3, which is a reasonable value for a 25 Torr DC
discharge. Using Equation 2.23 evaluated with our current depletion region
width, we are left with a maximum field of approximately 1.8 × 105 V/cm,
which is well below the threshold breakdown voltage −calculated using Equa-
tion 2.24−of 3.8 × 105 V/cm. Because all of these values are approximate,
it was decided that the base region should be sufficiently thick to avoid any
possibility of punchthrough as the result of inaccuracies in approximating
the depletion region width. Thus, the PBJTs were fabricated with a base
width of 10 µm (± 0.5 µm).
The anode was placed 2 mm from the silicon surface, so as to give an
optimum operating pressure of roughly 25 Torr, as obtained using a pd value
of 4 Torr-cm (see references [12] and [13]).
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3.2 Fabrication
Previously demonstrated PBJTs (those fabricated and tested by Wagner and
Tchertchian) were fabricated on silicon-on-insulator (SOI) wafers having an
oxide thickness of 2 µm, a device-layer thickness of 15 µm and a handle-
wafer thickness of 350 µm [6, 7]. This design is shown in Figure 3.2. The n+
emitter region was diffused into the device layer of a SOI wafer; no drive step
was performed to keep the emitter doping as high as possible. The wafer was
then thermally oxidized and metal contacts were made to the two electrically
active regions. Lastly, a reactive ion etch step was performed to etch through
the handle wafer and expose the buried oxide layer, which was then removed
with a buffered oxide etch, exposing the base region.
Figure 3.2: Cross section of a PBJT fabricated using a SOI wafer.
The devices discussed in this document were fabricated on highly doped n-
type wafers (Nd = 3× 1019 cm-3) with a lightly doped p-type (Na = 7× 1015
cm-3), 10 µm thick epitaxial layer grown on top. This design is shown in
Figures 3.3 and 3.4. The p-type mesas were defined by etching the epitaxial
layer using KOH, which resulted in a 54.7◦ slope, over which metal traces
could be defined. All of the metal, except where electrical contact from an
external source to the wafer was needed, was covered in silicon nitride to
prevent discharging between the anode and metal traces. Figure 3.5 shows a
single die, containing a device with a 3 mm cathode.
The primary reasons for this drastic change in the fabrication process be-
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Figure 3.3: Cross section of a PBJT fabricated using an epitaxial wafer.
Figure 3.4: Topography of a PBJT (the aspect ratio of the mesa is
exaggerated, as it is only 10 µm tall, but over 3 mm wide).
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Figure 3.5: Finished wafer containing sets of devices having exposed silicon
surfaces (the base region of the PBJT) with diameters of 3 mm, 1 mm, and
500 µm. At the time of this writing, only the 3 mm devices have been
tested.
tween the first and second process runs were threefold: (1) the process used
for the second generation of PBJTs involved fewer process steps and thus
decreased the time spent fabricating devices; (2) the theoretical minimum
device size was reduced by taking out the through-handle reactive ion etch
that was required to expose the base region of the first generation PBJTs (see
Figure 3.2); (3) resulting devices allow optical access to the silicon-plasma in-
terface, opening up the possibility of optically measuring the plasma sheath.
18
CHAPTER 4
EXPERIMENTAL SETUP
The PBJT wafers, as shown in Figure 3.5, were diced into individual devices,
which were then sealed within Pyrex tubes. This allowed them to be easily
plugged into an external port on a vacuum chamber, evacuated of atmo-
spheric gases and then back-filled with 25 Torr of neon to be tested. This
design also had the advantage of allowing unobstructed optical access to the
silicon-plasma interface.
Figure 4.1: The test circuit for the PBJT.
The PBJTs were tested in a common-emitter configuration, and measure-
ments were taken as shown in Figure 4.1. The values for Rb and Rc are 10 Ω
and 720 kΩ, respectively. Due to the low input current, typically less than 1
mA, the voltage across the 10 Ω base resistor was amplified with an instru-
mentation amplifier. The voltages at both ends of Rc were measured using
x100 Tektronix probes (10 MΩ internal impedance) which were terminated
with the parallel combination of a 1 MΩ resistor and a 1 pF capacitor. Their
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output was passed into a voltage following op-amp before being recorded
using LabVIEW and a National Instruments NI-6211 USB DAQ.
In addition to the electrical setup, a gated ICCD was used to optically
measure the thickness of the plasma sheath. The ICCD was set up with
a telecentric lens assembly, such that the viewing axis was parallel to the
silicon plasma interface, as shown in Figure 4.2.
Figure 4.2: The ICCD’s orientation, relative to the PBJT.
In all cases, the sealed PBJT was connected to vacuum and was subjected
to three pump/purge cycles, where a single cycle consisted of pumping the
system to less 25 mTorr, and then adding neon until the pressure was at least
125 Torr. Upon completing three such cycles, the system was again evacuated
to 25 mTorr and then filled to 25 Torr of neon. Once ready to test, the p-n
junction was tested first electrically with a sinusoidal input to verify diode
behavior of the base-emitter junction, after which the high-voltage signal
(labeled “+HV” in Figures 3.2, 3.3 and 4.1) was increased until the plasma
ignited.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1 Current-Voltage Characteristics of the PBJT
The temporal behavior of the PBJT is shown in Figure 5.1. It is interest-
ing to note the asymmetric behavior of the rise-time and fall-time of the
collector current, the cause of which is currently unknown, though both are
suspected to be related to the rate at which charge stored in the base region
is injected/drained.
Figure 5.1: Collector current (top), and base current/voltage
(middle/bottom) as functions of time.
This behavior is more easily seen in the hysteresis of a plot of collector
current vs. base current, as is shown in Figure 5.2. For increasing supply
voltage (+HV, as labeled in Figure 4.1), the amount of base current required
to reach saturation decreases, a typical behavior which has previously been
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attributed to photogenerated current, due to the presence of a light-emitting
plasma just above the exposed surface of the base region [6, 7, 8]. These I-V
data will be used later in the calculation of the secondary electron emission
coefficient, γ, for the PBJT’s exposed silicon surface.
As is shown in Figure 5.3, increasing pressure results in higher small-signal
gains, indicating that smaller devices−requiring higher operating pressures
(see Chapter 2)−would exhibit higher small-signal gains. For pressures in the
range of 25-40 Torr (40 Torr being the highest-pressure tested), the charac-
teristics of device operation change relatively little compared to the changes
seen over the range of 10-25 Torr. The reasons for this are as yet unknown,
though it may suggest that 40 Torr lies in the vicinity of the pd minimum
(see Chapter 2). This, along with a measured electrode spacing of 1.8 mm,
would correspond to a pd product of 7 Torr-cm−a reasonable value for neon.
Figure 5.2: Collector current as a function of base current for selected
supply voltages (365 V ≤ VCC ≤ 405 V).
5.2 Sheath Modulation
The sheath of the collector plasma was measured optically using a Princeton
Instruments PI-MAX 3 ICCD, while the base-emitter junction was driven
with a sinusoidal input voltage. Figure 5.4 shows the both the base voltage
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Figure 5.3: Collector voltage vs. base current for selected pressures.
(red) and the sheath thickness (blue) as functions of time. The step-like
response of the sheath to a sinusoidal base input is indicative of a non-linear,
threshold-like behavior and is, in fact, very similar to the behavior of the
plasma current (see Figure 5.1). This similarity, however, is expected as per
Equation 2.19.
Figure 5.5 shows the intensity profile as a function of position for both
a forward biased base-emitter junction and a reverse biased base-emitter
junctions. Light emission throughout the entire region between the point
of maximum intensity and the cathode is indicative of ionization within the
sheath, and obscures what would typically be the demarcation of the sheath
region in a plasma. This makes it difficult to accurately define the boundary
between the sheath and the negative glow, and forces one to define it in
terms of a point where the intensity has dropped by a certain percentage
of the difference between the maximum intensity and the intensity at the
cathode. It is important to note, however, that while that percentage, and
thus the extracted sheath thickness, are arbitrary, the ratio of the extracted
sheath thickness for the forward and reverse biased cases is roughly constant,
and measured to be 0.62. Rearranging Equation 2.19 gives
1 + γ =
8
90µi
s3J0
V 20
, (5.1)
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Figure 5.4: Base voltage and sheath thickness as functions of time.
and taking the ratio of the 1 + γ values derived for the forward and reverse
biased cases results in
1 + γFB
1 + γRB
=
(
J0,FB
J0,RB
)(
V 20,RB
V 20,FB
)(
s3FB
s3RB
)
, (5.2)
where the FB and RB subscripts refer, respectively, to forward biased and
reverse biased operation. Equation 5.2 allows us to use the I-V data displayed
in the previous section, and the relatively constant ratio of the forward and
reverse biased sheath thicknesses, along with a γRB of 0.115 as obtained
from the literature (see reference [15]), to give an approximate γFB, of 0.415.
Thus, as the base-emitter junction is taken from reverse bias to forward bias
(requiring less than a single volt), the surface of the base region exhibits a
359% increase in its secondary electron emission coefficient, a phenomenon
that, to the author’s knowledge, has not previously been reported for any
other class of devices.
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Figure 5.5: Intensity profiles of the collector plasma for forward biased and
reverse biased base-emitter junctions.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
Modulation of the plasma sheath has been demonstrated, along with the
measurements used to calculate the approximate change in the secondary
electron coefficient, γ, of the base surface of the PBJT. As mentioned in
the previous chapter, the surface electronic characteristics, and thus the sec-
ondary electron emission coefficient of the PBJT, can be altered by a factor
of five with the application of less than a single volt. This change in γ has
the effect of altering the plasma electron/ion densities, which has potential
applications in plasma chemistry, where it would theoretically afford the user
control over the rate at which a given reaction proceeds, again with the ap-
plication of a single volt to the base-emitter junction.
Of great importance with respect to our understanding of the semiconductor-
plasma interface at the heart of the PBJT, is the effect of the band gap of
the semiconductor on device operation. Reference [8] presents an attempt
to quantify this effect via ab initio calculation; however, this has yet to be
experimentally verified.
Another important focus of future work should be to investigate the effects
of device scaling. Specifically, attention should be given to scaling the devices
down such that the gap distance is in the vicinity of 10-100 µm (allowing
near-atmospheric-pressure operation), thereby presenting a more attractive
platform for plasma chemistry applications.
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